Antibodies against surface molecules of human tumors are now frequently administered in combination with strong chemotherapy, increasing therapeutic efficacy but making the task of elucidating immunological events more difficult. Experiments on genetically manipulated mice indicate that antibody efficacy is greatest when IgG antibody coating tumor cells is engaged by the Fcγ-receptors of effector cells, chiefly the monocyte/macrophage lineage. Evidence suggests lesser roles for NK cells, neutrophils, receptor-mediated cytotoxicity and complement-mediated cytotoxicity. The classical mode of killing employed by macrophages is phagocytosis, but much has to be learned about optimally activating macrophages for this task, and about any other modes of cytotoxicity used. There is renewed interest in antigenic modulation, which implies removal of therapeutic antibody linked with antigen from target-cell surfaces. It is now apparent that this removal of immune complexes can be achieved either by internalization by the target cell, or by transfer of the complexes to another cell by trogocytosis. In trials, anti-idiotype antibodies surprisingly proved therapeutically more effective than anti-CD20, despite anti-idiotype being more effectively removed from target-cell surfaces by antigenic modulation. This anomalous result might reflect the fact that persistence of anti-CD20 immune complexes in large amounts induces serious effector modulation, which paralyzes macrophage attacks on antibody-coated cells. The case for effector modulation is argued by analogy with the therapeutic suppression of autoimmune inflammation by effector modulation, achieved by infusion either of normal IgG in large amounts, or of anti-red cell IgG in relatively small amounts.
Introduction
The modern era of antibody therapy of cancer started in the 1970s with attacks on selected molecular targets on malignant cells, an approach immeasurably enhanced by the development of monoclonal antibodies (mAb). Initial therapeutic results were modest, 1 but improved when the precision of antibody therapy was combined with broadly cytotoxic chemotherapy. 2, 3 Unfortunately, the chemotherapy makes the task of evaluating immunological events arising from the antibody activity more difficult. A persuasive case has been made for treating some patients with antibody alone, 4, 5 but this has not been widely followed. Nor can total confidence be placed in conclusions drawn from antibody monotherapy in animals, which is dominated by the use of inbred mice with possible complications arising from activating endogenous retroviruses. 6, 7 A further cautionary note arises from the variation in biological mechanisms utilized by evolution for a given task. The medieval philosopher William of Ockham coined the dictum that "concepts should not be multiplied unless necessary", known as Ockham's razor. This has proved useful in the physical sciences but not in biology, where, quoting Francis Crick, 8 "(Ockham's razor) can be a very dangerous implement. It is thus very rash to use simplicity and elegance as a guide in biological research". Crick's words seem particularly apt for antibody therapy.
Three problems associated with antibody therapy will be discussed here: the killing of antibody-coated tumor cells; antigenic modulation; and effector modulation. To provide settings for these problems, we describe two examples of antibody therapy: human B-cell lymphomas treated with mouse monoclonal anti-idiotype (anti-Id); and the same tumor types treated with chimeric anti-CD20. Two examples of trials of these therapies come from the Stanford University Division of Oncology. Both are close to being antibody monotherapies, in that other accompanying anti-tumor agents were absent or of minor severity.
Anti-idiotype therapy
This approach uses as targeted epitopes the variable amino acid sequences which serve the antibody recognition function on surface immunoglobulin (Ig) of B lymphocytes. The totality of these epitopes is the idiotype (Id). Originally, 9 ,10 the Id was described as "confined to the tumor-cell surface". This soon had to be qualified: in most cases the surface idiotype is displayed on monomeric surface IgM (mol wt ~180,000), while a minute but variable amount of pentameric IgM (mol wt ~950,000) is secreted. 11 This small amount can provide an appreciable extracellular idiotypic barrier, consuming anti-Id and often requiring a preliminary plasmapheresis.
The Stanford group overcame formidable logistical problems to provide a series of 45 cases of low-grade B-cell lymphoma treated with 52 courses of custom-made monoclonal anti Id. [12] [13] [14] Some cases also received α-interferon, IL-2, or chlorambucil. A total of 66% achieved a significant remission (reduction by approx. 50% of measurable disease), including 18% complete remission (CR), and including in turn 13% prolonged CR. Five of the 6 patients in the last group, 3-8 years into their remissions, had blood and marrow samples CD20 is a small cell-surface molecule of mol wt 33078. It is found on the B-cell lineage, from early B cells up to, but excluding, plasma cells. It has 4 trans-membrane strands, cytoplasmic N-and C-terminus, two extracellular loops, and no recognized ligand. Its function is not clear, but it may be involved in B-cell activation and trans-membrane calcium flux. 16 Normally it is neither secreted nor shed in significant amounts. The anti-CD20 mAb in widespread use is rituximab, a chimeric molecule in which Cterminus of mouse anti-CD20 V H and V k domains are fused genetically to N-terminus of human C H 1 and C k domains, respectively. The human constant domains are from the IgG1 isotype.
Anti-CD20 antibodies have revealed differences in effector functions independent of the heavy chain isotype. 17 Type I antibodies (including rituximab) redistribute CD20 to membrane rafts and activate complement efficiently. Type II antibodies have not been seen to redistribute to rafts, and generally activate complement poorly, but they induce receptor-mediated death much more readily than type I. X ray crystallography of immune complexes containing Type I or Type II antibodies yielded no clear explanation for these differences, but revealed several features which might be contributory. 18 A single course of treatment with rituximab generally consists of four intravenous infusions at one week intervals, at a dose of 375 mg/m 2 of surface area. In a pioneering trial, 1 such doses were given to 37 patients with lowgrade B-cell lymphoma who had relapsed after chemotherapy. There was a 46% response rate, including 8% CR. Median time to progression was 10.2 months. It was noted that the results compared favorably with standard chemotherapy, with the antibody having a better safety profile.
Drugs and doses for chemotherapy coincident with rituximab are discussed by Maloney.
2 Improvements in survival in follicular lymphoma over four decades, culminating in this combined treatment, have been set out. 3 Resurgent tumor appearing after remissions induced by anti-CD20 therapy is sometimes seen to be CD20-negative, probably more often among the more aggressive lymphomas. 19, 20 Problem 1: killing antibody-coated tumor cells Three major paths are available for killing tumor cells coated by IgG antibody. 1) Receptor-mediated cytotoxicity (RMC), the receptor being the target antigen and the initiating event being the union with antibody. Multiple forms of RMC have been described, of which receptormediated apoptosis 21 is the best understood. 2) Antibodydependent cell-mediated cytotoxicity (ADCC) is initiated by the antibody Fcγ engaging Fcγ-receptors on the effector cells ( Figure 1) . [22] [23] [24] [25] 3) Complement-mediated cytotoxicity (CMC) can occur when complement is activated by the clustered Fcγ regions of the coating antibody.
Receptor-mediated cytotoxicity
Receptor-mediated cytotoxicity (RMC) evoked by antibody is reported frequently in vitro but infrequently in vivo, where cell survival is less precarious and any RMC is difficult to observe. Below are a variety of reports suggesting contributory roles for RMC, but a lack of proof for major roles.
Receptors regularly mediating apoptosis, Fas and TNF receptors (TNFR-I and TNFR-II), are widely distributed throughout many tissues and, therefore, the cause of too much toxicity to be therapeutically useful. A humanized mAb to CD44 has been reported 26 to have a specific proapoptotic effect in vitro, without cross-linking, against those human chronic lymphocytic leukemia (CLL) cells that express the protein kinase ZAP-70. This antibody also Antibody therapy in cancer haematologica | 2014; 99 (10) 1539 Figure 1 . One of the multiple contacts 22 forming a synapse between a macrophage and a target cell coated with IgG antibody. Initially antigen molecules have been cross-linked by the bivalent antibody, causing under some circumstances receptor-mediated cytotoxicity. But death is more likely to result from subsequent engagement of antibody Fcγ regions with activating FcγR (here of the class FcγRIIIA) on the macrophage, thus stimulating ADCC activity by the macrophage. This activity is modulated or repressed if inhibitory FcγRIIB receptors are simultaneously engaged. NK cells and granulocytes 23 are also capable of killing targets coated with IgG antibody, such encounters being most likely in the bloodstream. NK cells lack FcγRIIB, so any NK cytotoxicity lacks the modulation transmitted by these receptors. The complement system is also activated by the clustered Fcγ regions of coating antibody. Some of the resulting complement products, notably C3b, link covalently to the target-cell surface and might promote opsonization via their affinity for one or other of the macrophage complement receptors (here the receptor CR1 is arbitrarily depicted adjacent to the FcγR). Acting thus complement is a powerful opsonizer for phagocytosis of microorganisms by macrophages and neutrophils, but it has not been consistently shown to assist in attacking antibody-coated tumor cells. It has actually been seen to impede ADCC by NK cells, 24 which lack complement receptors. Finally C3b has been reported to have an enigmatic role in promoting antigenic modulation.
cleared the leukemic cells completely from immunodeficient engrafted mice.
The ability of anti-Id mAbs to stimulate tyrosine phosphorylation within tumor samples correlated with their ability to induce tumor regression, 14 suggesting that this metabolic response at least contributed to tumor cell death. The cross-linking of coating anti-CD20 mAb by anti-mouse Ig antibody led to apoptosis of lymphoma cell lines in vitro, 27 but such a manipulation has not been reported in vivo.
The apparent RMC caused by type II anti-CD20 in vitro has been demonstrated using lymphoma cell lines and primary CLL cells as targets. It has been associated with agglutination, relocalization of actin, and dispersal of lysosomal contents. 28 The events are complex but add to the promise of Type II antibodies as therapeutic agents.
There has been a proliferation of terms to describe forms of RMC which appear to be neither apoptotic nor necrotic (and to which the term "programmed cell death" is often applied in the absence of any clear program). One particular conundrum involves autophagy, long regarded as a normal housekeeping process but perhaps an important accelerator of cell death in the presence of certain stresses. 29 Much work is being undertaken on these miscellaneous forms of cell death, and precise descriptions are likely to emerge. A plea has also arisen for greater precision and consistency in describing the progress of apoptosis itself. 
Antibody-dependent cell-mediated cytotoxicity: the major killing mechanism?
An initial note is needed about the term antibodydependent cell-mediated cytotoxicity (ADCC). It was introduced to describe killing by NK cells of targets coated by IgG antibody. This is extracellular killing in which perforin-generated pores allow entry of granzymes into the cytoplasm of the targeted cell. However, taken literally, the term could refer to any method used by an effector cell to kill an antibody-coated target, including phagocytosis, NK-type killing, and obscure mechanisms. Others 31 have found it useful to use the term in this broad literal sense, and the same practice will be followed here.
In 2000, Clynes et al., 31 expanding on earlier work, 32 reported the use of mAb to treat syngeneic and xenografted tumors in mice bearing genetically manipulated Fcγ-receptors (FcγR). Results showed clearly that the engagement of both activating and inhibitory FcγR on effector cells was a dominant component in killing the antibodycoated cells in vivo.
When the antibody TA99 was used to treat the B16 mouse melanoma, partial suppression of the tumor, seen in mice with normal FcγR, was lost completely in γ -/-mice, which lack the activating γ chains required in mice for FcγR I, III and IV. 33 A similar result was achieved when comparing γ +/+ mice (with normal FcγR) and γ -/-mice, both bearing tumor xenografts treated with systemic injections of mAb. However, here the loss of therapy in γ -/-mice was incomplete. The xenografts were either of human breast carcinoma (treated with trastuzumab) or of human B-cell lymphoma (treated with rituximab). The carcinoma was reduced by 96% in the γ +/+ mice, and by 23% in the γ -/-mice. The lymphoma was reduced by more than 99% in the γ +/+ mice, and by 29% in the γ -/-mice. Thus, in both these cases, the disabling of FcγR unmasked the presence of some far less efficient killing, which could have been RMC, CMC, blocked function of the target antigen, or an unrecognized mechanism.
Another arm of this study involved the use of mice with intact activating FcγR, but with the inhibitory FcγRIIB genetically deleted. These animals revealed a dramatic improvement in the response of the B16 melanoma to antibody therapy: wild-type mice responded to antibody therapy by a 3-fold reduction in tumor load, while the FcγRIIB -/-mice responded with a 100-fold reduction. The breast carcinoma xenograft in mice with normal FcγR responded to sub-therapeutic doses of trastuzumab with slowed but relentless growth, whereas in FcγRIIB -/-mice these doses of antibody yielded complete inhibition of growth.
The relevance to human clinical practice of the involvement of the activating FcγR in antibody therapy has been supported by studies of the treatment of follicular lymphoma by rituximab. FcγRIIIA, a major activating FcγR on macrophages and NK cells, displays a 158V allotype with a higher affinity for human Fcγ, and mediating ADCC better, than the alternative 158F. Higher clinical responses were seen in V/V subjects than in V/F or F/F, consistent with a major therapeutic role for ADCC. 34, 35 Similar results were obtained on examining overall survival in a series of trials of anti-CD20 plus chemotherapy, and in a trial of chemotherapy alone. 36 With the combined therapy, having at least one V allele conferred improved survival versus the homozygous F/F. No such dependence on genotype was seen in the trial of chemotherapy alone. Studies relating responses to a polymorphism displayed by another activating receptor, FcγRIIA, have yielded disparate results. 35, 36 The correlation of the V allele with a favorable response to anti-CD20 therapy has not been seen with chronic lymphocytic leukemia. 37, 38 This suggests that one or more mechanisms other than ADCC are dominant in the antibody therapy of this disease.
Macrophages: the major effector cells?
The results of Clynes et al. 31 indicate that the predominant cells engaged in killing antibody-coated tumor possess both activating and inhibitory FcγR. Cells fitting such a description are monocytes/macrophages, dendritic cells, and neutrophils. 39 NK cells, the cells used routinely to assess ADCC function in candidate anti-tumor antibodies, have not been shown to express the inhibitory FcγRIIB (apart from a subpopulation of mouse NK cells comprising <1% of the total 40 ). These facts led to the conclusion that macrophages are the major effector cells involved. 31 Supporting evidence for macrophages as the major effector cells arose from observations on depletion of normal B lymphocytes in mice injected with mouse anti-CD20 mAb. 41, 42 Mice genetically deficient in NK function or complement showed unimpaired depleting activity, whereas macrophage removal by clodronate grossly impaired it. 41 Macrophages, when including site-specialized descendants such as osteoclasts, Kuppfer cells, Langerhans cells, microglia and others, are ubiquitous throughout the body. A histological survey of seven of the most common human solid malignancies revealed tumor-infiltrating cells accumulating preferentially in the stromal bands between tumor cells. In all tumor types, the macrophage lineage accounted for most of the infiltrating cells. 43 Next in frequency were Tαb + lymphocytes, while hardly any NK cells were identified. Large numbers of the macrophages stained positively for FcγRIII. Macrophages thus seem ideally placed and equipped for dealing with antibody-coated tumor.
Neutrophils as effector cells?
Albenesi et al. 23 have reported a series of experiments in which neutrophils appeared to be capable of reducing antibody-coated tumors in mice. Intravenous antibody injections starting on Days -1 to +2 were effective against small subcutaneous inocula (given on Day 0) of syngeneic melanoma or xenogeneic breast carcinoma. Evidence from genetically modified or macrophage-depleted mice implicated neutrophils, acting through their FcγR, as the tumorreducing effectors.
Neutrophils have also shown a surprising ability to phagocytose human leukemic B lymphoblasts coated with obinutuzumab, 44 an anti-CD20 mAb with an enhanced Fcγ docking site for FcγRIII.
Neutrophils, unlike macrophages, are not regularly seen to infiltrate healthy tissue or tumors. They must, therefore, be attracted to a target as part of an inflammatory process. To attract inflammatory infiltrates to large dispersed tumors, for example by anaphylatoxins from widespread activation of complement, could risk a dangerous systemic inflammatory response. However, the report from Albanesi et al. 23 does suggest that neutrophils could usefully eradicate antibody-coated small tumor residues in certain accessible sites.
What is the cytotoxic mechanism destroying antibodycoated cells?
The conclusion that destruction of antibody-coated tumor is carried out principally by macrophages has been inferred from the sites, prevalences and characteristics of the candidate lineages, and from genetic manipulations of the FcγR that they carry. But much remains to be learned about macrophage adaptation and killing activity 45 when faced with the challenge of large numbers of antibodycoated tumor cells. Whether the classical method by which macrophages enact ADCC (phagocytosis by the zipper mechanism 46, 47 ) is available on the scale required remains to be determined. An observation of NK-type extracellular killing (utilizing granzymes and perforin) performed by a subset of rat macrophages has been recorded 48 but no similar reports have been found. Hubert et al. 22 have described synapses formed in mice, during tumor rejection, between antibody-coated tumor cells and macrophages or neutrophils. These synapses consisted of multifocal contacts, each displaying accumulated actin, FcγR and phosphotyrosines. It is plausible that such engagements have a good chance of killing the tumor cell, but deaths could not be demonstrated in vitro so the cellular and subcellular events remain obscure. Unlike NK cells, which upon separation from blood are sufficiently activated to kill antibody-coated targets in vitro, monocytes/macrophages from blood need to be cultured in the presence of activators like GM-CSF and IFN-γ. 49 Then they have been seen to kill, in vitro, CLL cells coated with rituximab, with inhibition in the presence of cytochalasin D, suggesting that killing required at least the ability to phagocytose. 49 It might be noted that eosinophils have been observed to kill by repeatedly engulfing and regurgitating targets 50 so that killing variations on the theme of phagocytosis are at least feasible. Non-activated mouse peritoneal macrophages, when presented with lymphocytic targets bearing capped antigen-antibody on their uropods, and therefore without a circumferential zipper, attach to the uropods and remove the immune-complex caps (by the process now known as trogocytosis 51 ) without killing the target cell. 47 The same macrophages, presented with lymphocytes with a complete IgG antibody coating, are shown to be capable of ingesting as many as 6 of these targets, which are then rapidly degraded within the phagocytic vacuoles. 47 In contrast to the failure of macrophages to kill capped cells, capping was seen to encourage killing of target lymphocytes by NK-mediated ADCC. 52 It is clear that ADCC of antibody-coated targets in vitro by NK cells from normal volunteers is a poor surrogate for killing the same targets by autologous macrophages in vivo. NK cells have a limited distribution. They lack the inhibitory FcγRIIB and they display their own inhibitory systems to deter attacks on autologous cells, 53 systems which will be variably activated by the non-autologous targets used in routine laboratory assessments of NK ADCC.
Complement-mediated cytotoxicity
As a consequence of activation of complement at an antibody-coated cell surface, the death of that cell by CMC can occur either by the lytic action of complement's membrane-attack complex, or by attachment of myeloid effectors to C3b and other complement breakdown products bound to the target-cell surface. Against these possibilities, mammalian cells have available a formidable array of defences, both in extracellular fluids and on cell surfaces. 54 Before the primacy of cellular effectors in disposing of antibody-coated cells had been established, a number of publications over 25 years had reported that complement had no detectable role in antibody treatment of tumor. 41, [55] [56] [57] Non-complement-activating antibodies appeared to reduce tumor at least as well as good complement activators; and animals with severe complement deficiencies appeared to respond at least as well to antibody therapy as did normal animals.
However, there have been reports in which complement has been shown to contribute to tumor cell death. 58, 59 This would be favored by circumstances in which ADCC under-performs, as is probable in rituximab-treated CLL. 37, 38 In an attempt to assess whether appreciable CMC is occurring in rituximab-treated follicular lymphoma, a correlation was sought between tumor response and expression by the cells of three complement inhibitors: CD46 (membrane co-factor protein), CD55 (decay accelerating factor) and CD59. No such correlation was found, 60 suggesting no significant involvement of complement.
Appreciable complement activation, even if not directly involved in cell death, could provide a systemic boost for macrophage ADCC. Thus the anaphylatoxin C5a has been shown to increase the ratio of activating to inhibitory FcγR on macrophages. 61 Contrasting with this is a warning about a possible negative local effect of complement activation. There is evidence that C3b deposition on rituximab-coated target cells inhibits the interaction between the rituximab Fcγ and the FcγRIIIA on NK cells. 24 NK cell activation and ADCC are thereby diminished. Whether a similar effect occurs with macrophage ADCC needs to be determined, bearing in mind that macrophages, unlike NK cells, display CD35 (CR1) and sometimes CRIg (complement receptor of the Ig superfamily). CR1 and CRIg are the principal receptors for binding C3b.
One approach to enhancing antibody cytotoxicity
The demonstration that linkage of coating antibodies to FcγR of effector cells is a dominant component of effective antibody therapy in several animal models, 31, 32 and is apparently important in antibody therapy of follicular lymphoma in man, [34] [35] [36] has led to engineering of therapeutic antibodies in order to favor their linkage to activating FcγR.
All human FcγR, activating and inhibitory, share a binding site at the N-terminus of Fcγ between the two C γ 2 domains and reaching the hinge, with the glycans attached to each domain appearing to form a partial floor to the site. 62 There are differences in the detailed binding of each FcγR, but all the bindings appear similar and only one receptor at a time can be accommodated in the site. The activating receptor FcγRIIIA was chosen as the template to which the Fcγ would be remoulded. One criterion of success would be an improvement in the ratio of (K A for union with FcγRIIIA) to (K A for union with FcγRIIB). Three approaches have been tried.
(1) The Fcγ is remoulded by mutagenesis, leading to increases in the KA ratio of 9-and 10-fold. 63, 64 (2) Human IgG is synthesized with its C γ 2 glycans nonfucosylated, producing increases in the K A ratio approaching 50-fold. 65 (3) A bispecific FabIgG construct is synthesized by attaching an Fab'γ module, with antibody specificity for FcγRIIIA, to the rituximab hinge. The attachment process deliberately and severely disables the docking of FcγRIIB at its adjoining site, 62, 66 giving a KA ratio or more than 1000.
All three of the above constructs spare the two additional docking sites (for FcRn and C1q) carried by the Fcγ. All give enhanced ADCC in vitro with NK cells as effectors; but they cannot readily be compared by ADCC in vitro with macrophages as effectors, because for this no standardized procedure exists.
An example of approach (2) in the above list is provided by the type II non-fucosylated mAb obinutuzumab, recently granted approval for use, in combination with chlorambucil, in previously untreated CLL. 67 This follows clinical trials which revealed improved progression-free survival for the combination versus chlorambucil alone, and then for the combination versus rituximab plus chlorambucil. The source of the superiority of obinutuzumab over rituximab is not clear: it could arise from superior RMC and/or superior ADCC performance, or there could be other factors.
Problem 2: antigenic modulation
Antigenic modulation may be defined as an antibodyinduced redistribution of a cell-surface antigen, which confers cellular resistance to subsequent attacks on the same antigen by antibody plus cytotoxic effectors. Studies of anti-Id and anti-CD20 activities have strongly suggested that 'redistribution' in this definition can imply two completely different types of movement, internalization by the target cell and trogocytosis by effector cells, an ambiguity dealt with later.
Old and Boyse 68 first described modulation in 1963 for mouse TL (thymus leukemia) antigens. Leukemic cells bearing TL antigens survived passaging in mice which had been immunized to produce anti-TL antibodies. The recovered cells were TL-negative as judged by resistance to anti-TL plus complement, but regained positivity on being re-passaged in antibody-negative hosts. An explanation for these phenomena was provided by Stackpole et al. 69 They showed that an initial exposure of TL-positive cells to anti-TL serum in vitro led to movement of antigen-antibody complexes over the surface of the cell to form patches and then a cap, from both of which endocytosis occurred to leave the cell surface almost entirely cleared of that antigen. The cells were then found to be resistant to cytotoxic attack by anti-TL plus syngeneic complement.
Binding of C3b to the target cells, via either the classical or alternative pathway of complement activation, was sometimes needed for the successful internalization of the immune complexes. 25 The reason for this remains unexplained. Modulation was enhanced upon increasing the cross-linking of immune complexes by adding an anti-Ig reactive with the coating antibody. A similar enhancement was observed upon exposing antibody-coated cells to monocytes, apparently using the monocytic membrane with its FcγR for cross-linking. 70 
Antigenic modulation of cell-surface IgM
The commonest class of Ig to be found on the surface of both normal and neoplastic B lymphocytes is IgM in its monomeric form (mol wt ~180 000). Surface IgM was found to exhibit rapid antigenic modulation in response to either antigen or polyclonal anti-Ig preparations. 71 Immune complexes patched, migrated towards one pole of the cell to form a cap and then a trailing uropod, and were continually internalized. Modulation conferring resistance to attack by antibody and syngeneic complement was apparent by the time the complexes were minimally aggregated: capping and extensive endocytosis were not necessary. 72 Post-modulation sparseness of surface IgM was aggravated by a reduced surface delivery of newly synthesized molecules. 73 Modulation in vitro induced by individual monoclonal anti-Id antibodies was found to be much slower than occurred with the polyclonal antibodies used in early work. 74, 75 Nevertheless most anti-Id antibodies, and antibody directed at Ig constant regions (e.g. anti-μ), were among the fastest modulators (judged by internalization) in a group of antibodies aimed at a variety of lymphocytic surface proteins. [74] [75] [76] [77] Slowness of modulation due to some anti-Id antibodies was attributed to 'monogamous' binding, in which the two antibody sites of the anti-Id molecule attached to the two Fv regions on a single cell-surface IgM molecule. 74 How important is antigenic modulation in protecting a tumor cell against an attack by anti-Id therapeutic antibody? In treating a guinea-pig lymphoblastic B-cell leukemia with polyclonal anti-Id preparations, a comparison was made between a bivalent reagent (IgG) and a univalent reagent (Fab/c) prepared by removing one Fab arm of the IgG. 78 In vitro the IgG induces rapid modulation upon cross-linking the cell-surface IgM, the Fab/c no modulation at all. In the added presence of macrophages expressing FcγR, Fab/c does cause modulation but at a slower rate than the IgG. In vivo the univalent Fab/c gave a notably greater therapeutic effect than did the IgG, strong-ly suggesting that antigenic modulation significantly impedes antibody therapy of tumor.
Antigenic modulation of CD20
After studies of antigenic modulation in vitro revealed little or no internalization induced by anti-CD20 mAbs, 76, 77 it was hoped that antigenic modulation of CD20 would not be a problem. Nor was it evident in nodal biopsies from cases of B-cell lymphoma treated with rituximab. 79 So it caused some surprise when in 2003 Jilani et al. 80 produced clear evidence of antigenic modulation (absence of detectable rituximab and CD20 on target cells) in blood samples from the majority of 65 patients with CLL who had been treated with rituximab-containing protocols. Mixing of CLL or Raji cells with rituximab in vitro left detectable rituximab bound to CD20 on the cell surfaces. However, these immune complexes became undetectable upon the addition of plasma, a finding that suggests the C3-dependence of internalization reported for modulation of TL antigens. 25 The antigenic modulation of CD20 was accompanied by a downmodulation of CD20 mRNA, consistent with the observed reduction in delivery to the plasma membrane of IgM after modulation of that antigen had taken place. 73 Beers et al. 81 reported in 2010 that antigenic modulation reduced the efficacy of type I but not of type II anti-CD20 in eliminating in vivo mouse lymphocytes which had been transduced with human CD20. The modulation involved internalization by the target cells of the CD20-antibody complexes. Normal human B cells, and cells from most cases of CLL and mantle cell lymphoma, showed similar CD20 internalization, while cells from most cases of FL and diffuse large B-cell lymphoma were more resistant.
Antigenic modulation of CD20: the role of FcγRIIB
In 1994 Vervoordeldonk et al. 82 reported that the FcγRII on malignant B cells, now known to be FcγRIIB, promoted the antigenic modulation induced by an anti-CD19 mAb. They were surprised to observe that the FcγR, as judged by an unchanged surface density, did not co-modulate with the anti-CD19 mAb, and put forward as one possible explanation a recycling of the endocytosed FcγR to the surface. Such recycling of human FcγRIIB, either free of immune complexes, 83 or both with and without them, 84 has now been reported. CD20 (when targeted by type I antibodies) and CD38 have now been added to the B-cell antigens whose modulation is promoted by FcγRIIB, with a greater number of antigens failing to show promotion. 85 At sufficient cell densities, promotion of modulation of compliant antigens by FcγRIIB can be attained in either cis or trans fashion. 85 A possible source of confusion might be noted. Occasional B-cell lymphomas exhibit deregulation of FcγRIIB and tumor progression, associated with chromosomal 1q21-23 rearrangements. 86, 87 Antigenic modulation of CD20: the role of trogocytosis
The speed of modulation of CD20 during rituximab treatment of CLL, supported by observations in vitro on CLL cells and Burkitt and mantle-cell lymphoma lines, led to the proposition that modulation was occurring by trogocytosis with the leukemic cell as donor. 88, 89 This implied that an effector cell such as a monocyte/macrophage became attached by its FcγR to the immune complexes on the leukemic cell surface, prompting the effector cell to nibble off and endocytose the immune complexes together with the attached FcγR, bits of adjacent membrane and possibly significant numbers of bystander receptors.
It is interesting to recall an experiment described in 1976 in one of the major papers 47 on the zipper hypothesis of phagocytosis. Normal mouse mesenteric B cells, while capping and internalizing surface immune complexes formed by adding anti-IgM antibody at 37°C, were transferred to cold monolayers of peritoneal macrophages. When the mixed cell suspension was warmed, macrophages that had attached to lymphocytic caps proceeded to piecemeal phagocytosis (that is, trogocytosis) of the cap plasma membranes. The process is recorded in striking electron micrographs 44 that show membranederived vacuoles, identified by labeled immune complexes, entering the macrophage cytoplasm. The B cells survived. Control B cells from the same experiment, diffusely coated with anti-IgM, were ingested and killed by the macrophages. These results suggest that trogocytosis requires: (1) a target membrane with a sufficient density of Fcγ-displaying immune complexes; (2) an incomplete encircling of the cell by the immune complexes, to avoid closing the phagocytic zipper.
Trogocytosis is not easily observed in vivo but is strongly suggested if donor cells are seen to have lost from their surfaces the targeted antigen plus significant amounts of bystander antigens. Such evidence has been presented by Rossi et al. 90, 91 Patients receiving the mAb epratuzumab (humanized anti-CD22), as immunotherapy for SLE, showed major reductions of CD22 on blood B lymphocytes, plus significant reductions of CD19 and CD21. B lymphocytes were not markedly reduced in number but may have been sufficiently disabled by trogocytosis to account for clinical remissions.
Problem 3: effector modulation
As previously pointed out 15 it is instructive, when viewing the Stanford trials of anti-Id and anti-CD20, 1, 13 to compare times from first antibody treatment to first response. Counting from the beginning of antibody infusions (Day 0), the delays before tumor responses were noted: in the anti-Id trial, 8-16 days; in the anti-CD20 trial, 28-133 (median 71) days. Two questions arise about the strikingly delayed anti-CD20 response. What caused the delay? Was the eventual response due to the intended anti-CD20 attack on the tumor or to some other mechanism?
The second question is more easily answered. It has been suggested that the delayed response reflects a slowly developing anti-idiotypic 'vaccinal' attack on the tumor, but evidence for such a mechanism has not been substantiated. Instead, pharmacokinetic data from a large multicenter trial 92 of rituximab monotherapy reveal statistically significant correlations between median plasma antibody levels and tumor responses at all time points after the first 3 of the 4 weekly infusions. For example, at 105 days after beginning the first infusion, median levels were: in responders (62 patients) 25.4 μg/mL; in non-responders (42 patients) 5.9 μg/mL. This is persuasive evidence for antibody attack being an essential component of the successful therapy.
A tentative answer to the first question is that the immune system has responded to sudden exposure to a large number of Fcγ-displaying immune complexes by entering a state of effector modulation. This may be Antibody therapy in cancer haematologica | 2014; 99 (10) defined 15 as a failure of immunological effectors to kill antibody-coated targets at antibody levels predicted to lie within the cytotoxic range. It implies a much more prolonged failure than a transient overwhelming of immunological capacity. The postulate derives from an analogy with suppression of autoimmune inflammation brought about by one of two measures. (1) Infusion of normal human IgG up to a remarkable 2 g/kg. The infusion is rendered immunosuppressive by the presence of aggregates, 93, 94 and possibly has some inherent immunosuppressive activity. 95 (2) Infusion of human IgG antibody to the rhesus D antigen, into D-positive subjects, at up to 75 μg/kg/day. Either of these measures, applied originally 96 to the autoimmune disease acute idiopathic thrombocytopenic purpura, typically curtails the phagocytic destruction of platelets for a period of weeks without affecting immune complexes on the platelet surface. This represents a clear analogy with therapeutic antibody coating the surface of a lymphoma cell for weeks without causing its destruction. The analogy is described in more detail in an earlier review. 15 Studies of suppression of autoimmune inflammation have revealed interesting pathways with interesting overlaps in function. [93] [94] [95] [96] [97] [98] [99] [100] It is hoped that such work will illuminate delayed responses to antibody therapy of tumor. In the meantime, it is interesting to note again the faster and better therapeutic responses to anti-Id than to anti-CD20, despite antigenic modulation in vitro of anti-Id being much the more impressive. Antigenic modulation of anti-Id might here, in balance, be favoring therapy by rapidly reducing immune complexes threatening effector modulation. Recently developed protein kinase inhibitors and proapoptotic drugs might be incorporated into formidable combinations with antibodies, and might in some situations supplant them. But antibodies will retain the ability to strike at multiple targets on the surfaces of cancer cells, often with exquisite specificity and remarkable freedom from serious toxicity. We do, however, need to have a better understanding of their modes of action. Figure 1 . 
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